A short stereospecific synthesis of the carbocyclic 2'-deoxynucleoside analogues 36 and 37 (Schemes 2 and 5) and 45 and 46 (Schemes 2 and 6) starting from optically active 8,9,10-trinorborn-5-en-2-one (1) is described. As two functional groups capable to react with each other are present in the same molecule of the synthetic carbanucleosides, the latter can form polymers similar to oligonucleotides.
Introduction. ± Since the first report on the specific inhibition of gene expression by an oligonucleotide by Zamecnik and Stephenson in 1978 [1] [2], antisense oligonucleotide methodology has become a promising tool in chemotherapy because of its specificity and manifold applications [3 ± 5] . However, although some naturally occurring phosphodiester oligonucleosides have been shown to inhibit the replication of viruses in cell culture, the key to a wide application of oligonucleotide therapeutics resides in the development of modified oligonucleotides, which should be more resistent to degradation by naturally occurring nucleases. Actually, to achieve the desired biological effects, synthetic oligonucleotides must meet the following requirements: i) their half-life in the biological medium must be long enough for the desired action to take place inside the cell; ii) they must be able to penetrate the cell membrane to reach their objectives, and iii) they must bind strongly enough to the targeted nucleic acid sequence.
In principle, any one of the molecular components of an oligonucleotide (i.e., base, sugar, or phosphodiester backbone) can be modified to obtain an antisense nucleotide with specific affinity to a given segment of the targeted nucleic acid. Among these different kinds of modifications, the replacement of a cycloalkane for the ribose moiety is particularly promising since the synthetic nucleoside analogs ± so-called carbanucleosides ± are resistent against acids and phosphorylase enzymes that cleave the glycosidic linkage of normal nucleosides. Furthermore, the comparatively higher lipophilicity of carbanucleosides is potentially advantageous for facilitating oral administration and cell-wall penetration [6 ± 9] . On the other hand, since the isolation of (À)-(S)-aristeromycin from Streptomyces citricolor [10] and (À)-neplanocin A from Ampullariella regularis [11] , the interest in this class of compounds has grown rapidly, and other carbocyclic analogues of purine and pyrimidine nucleosides have been the subject of a great deal of synthetic and biological study in the last decade.
By analogy to the enzymatic synthesis of nucleic acids, a particularly straightforward approach to antisense oligonucleotides is based on the polymerization of monomers containing two functional groups in the same molecule capable to react together in the presence of a catalyst. In making the choice of the most appropriate functional groups that meet this condition, it is obvious to consider first those which lead to macromolecules of the types commonly synthesized in polymer chemistry, i.e., polycarboxylates and polyamides. On the other hand, the length of the chains joining the carbanucleoside units must be appropriate to assure an intramolecular separation between the monomer units in the polymer chain as similar as possible to that present in nucleic acids. As a result of these considerations, the syntheses of three carbadinucleotides of the type 4, 5, and 10 were designed, which should be accessible from monomeric building blocks of the type represented by 2, 3, 7 (from 6), and 9 (from ()-8), and 9 (Scheme 1).
A straightforward synthesis of rac-2 and rac-3 (both as butyl esters bearing a protecting group at the primary alcohol function) from rac-bicyclo[2.2.1]hept-5-en-2-one (rac-1; short form: norbornenone) was carried out some years ago in our laboratory, affording in a four-step sequence both epimers in an overall yield of 43% each [12] . This approach proved to be more advantageous than an alternative synthesis reported previously by Jenny et al., who obtained the methyl ester of rac-3 in 24% yield in six reaction steps starting from racemic exo-norbornene-2-carbaldehyde [13] [14] . The present communication describes an improved procedure for the synthesis of enantiomerically pure ()-norbornenone 1, as well as stereospecific syntheses of 2 and 7 therefrom. The latter is the appropriate counterpart to carbanucleoside 9 for the construction of carbadinucleotide 10, as the smallest self-replicating unit suitable for the synthesis of polycarbanucleotides, the length of which should enable hybridization with natural DNA or RNA fragments. Carbanucleoside 9 should be readily accessible from enantiomerically pure ()-8, which has been obtained by enzymatic resolution of the racemate [15] . Ultimately, the syntheses of 2 and 7 described in the present work take advantage of the fact that their common optically active cyclopentanone precursor 6 posses a C 2 symmetry axis, giving rise to a sole enantiomer on reduction of the carbonyl group.
Results and Discussion. ± Synthesis of Carbanucleosides 45 and 46. The Concept ... The (1R,2R)-isomer of 6 should be accessible from ()-norbornenone 1 by means of the conventional methodology of opening the bicyclo[2.2.1]heptane skeleton by BaeyerÀVilliger oxidation of the norbornanone derivative 12a (Scheme 2). Thus, the key step of the reaction sequence represented by the framed formulae in Scheme 2 is the introduction of the acetic acid chain at C(2) of the cyclopentane ring. This goal should be achieved by cyclopropanation of the CC bond of 1 with a diazoacetate and subsequent regioselective opening of the cyclopropane ring of 11 by cleaving the CÀC bond vicinal to the carbonyl group. Depending on the diazocarboxylate used for the cyclopropanation reaction, chemoselective transformation of the ester group of 13 ( 3 14) prior to cleavage of the lactone ring enables to differentiate between both side chains at C(1) and C(2). After cleavage of the lactone ring, the OH group of the obtained hydroxycyclopentanediacetate is cis with respect to the acetic acid moiety originating from the norbornenone skeleton (cf. 15 in Scheme 2) so that nucleophilic substitution of the OH group by a nucleobase affords the corresponding carbanucleoside with the nucleobase cis to the modified acetic acid chain (cf. below, Scheme 6).
... and Its Realization. ()-Norbornenone 1 was obtained by asymmetrically catalyzed DielsÀAlder cycloaddition of a-bromoacrylaldehyde to cyclopentadiene as reported by Corey and co-workers [16] [17] (Scheme 3). In contrast to Corey×s method, however, the preparation diol 19 via epoxide 18 [18] proved to be more efficient and reproducible than either the direct transformation of bromohydrine 17 [18] into 19 or Scheme 1 the transformation of 16 into the corresponding cyanohydrine via the oxime of the former. Moreover, only negligible quantities of by-products were formed during the synthesis of 18 and 19 (see Exper. Part). Finally, diol 19 was transformed into optically pure (e.e. > 97%) ()-norbornenone 1 by oxidation with sodium periodate following the procedure described by Helmchen and co-workers [19] .
The success of the next reaction step, cyclopropanation of the CC bond of 1, is strongly dependent on the catalyst used (see Table) . Actually, according to Hubert×s Scheme 2 2 ) study on the mechanism of the reaction of a-diazo esters with olefins [20] , catalysts that favor the formation of a metalÀolefin complex, which subsequently reacts with the diazo compound, rather than the formation of a metalÀcarbene complex, reduce the rate of dimerization of the carbenoid equivalent of the diazo compound, which is the main undesired side reaction in this kind of cyclopropane synthesis. Both ()-norbornenone 1 and ethane-1,2-diyl ketal 20 react in the presence of a palladium catalysts yielding the corresponding cyclopropane derivative in high yield (Scheme 2). As expected, carbene addition to the endocyclic CC-bond takes place from the sterically less-hindered exo-side, although it lacks stereoselectivity in terms of the synor anti-position of the carboxylate group with respect to the methano bridge of the bicyclic substrate 2 ). In the case of ethane-1,2-diyl ketal 21 the exo-configuration of the cyclopropane moiety could be unequivocally demonstrated for both the syn-and antiisomer by NMR data.
No nuclear Overhauser effect (NOE) on the protons of the CH 2 (8) group of the tricycle of syn-and anti-21 was observed upon irradiation either of HÀC(2) or of HÀC(4). As both syn-and anti-21 can be transformed by deprotection of the carbonyl group into the corresponding cyclopropanonorbornanone derivatives 11, the latter Scheme 3 2 ) The designation syn/anti refers to the position of the substituent at C(3) of the tricycle with respect to the main-bridge atom C(8), i.e., less/more remote from C(8).
must be also exo-configurated. Moreover, the assignment of the syn-and anti-configuration to the isomers of ketal 21 was also possible by NOE difference spectroscopy, since the enhancement by 23.5% of the intensity of the resonance signal at 1.77 ppm assigned to HÀC(3) of the tricycle observed on irradiation at HÀC (8) Unfortunately, however, reductive cleavage of the cyclopropane ring, which was attempted by catalytic hydrogenation of the mixture of syn-and anti-stereoisomers of 11 (both as racemates), was not regioselective: the reaction product consisted of a mixture of the desired 5-oxonorbornane-2-acetate rac-12a and its isomer rac-12b in a ratio of roughly 1 : 1 (Scheme 2). In view of this difficulty, we next attempted a regioselective cleavage of the cyclopropane ring in consideration of the well-known tendency of cyclopropylmethyl radicals to isomerize, yielding butene radicals [22] . As a matter of fact, rearrangement of the cyclopropylmethyl radical 22, derived from 11, may produce the two radicals 23 and 24, 23 being homoconjugated with the carbonyl group of the norbornanone skeleton (Scheme 4). Although, a priori, the preparation of radical 27 does not require the separation of syn-and anti-11 since the cyclopropanering opening cancels the chirality of its C(2) atom, the following transformations were carried out with the separated stereoisomers, thereby simplifying the characterization of the obtained products. Thus, the ester groups of the ketals syn-and anti-21 were reduced with LiAlH 4 to yield the primary alcohols syn-and anti-25a, respectively (Scheme 2). Following deprotection of the carbonyl group led to the corresponding hydroxy ketones syn-and anti-26a, respectively, which were transformed subsequently into the corresponding xanthates syn-and anti-26b. Radical-induced deoxygenation of the latter (cf. [23] ) led to a mixture of the 6-and 5-vinylnorbornanones 27a and 27b, respectively, with a low preference (58 vs. 42%) for the undesired isomer 27a. This result agrees with the calculated heats of formation of radicals centered at the C(5) and C(6) atoms of norcamphor ( bicyclo[2.2.1]heptane-2-one), which are practically identical within the margin of error of the MNDO method [24] . On the contrary, radical-induced deoxygenation of the xanthates syn-and anti-25b, derived from the ketals syn-and anti-25a, respectively, proceeded with a marked preference for the 5-vinyl isomer 28b, which was obtained in a 3 : 1 ratio with respect to the (undesired) 6-vinyl isomer 28a. Although not completely regioselective, the above reaction sequence provides access (via 29 and 30) to hydroxy lactone 14 as a single isomer that could be transformed in two steps into the desired carbanucleosides 45 and 46 (cf. below, Scheme 6).
Stereospecific Synthesis of Carbanucleosides 36 and 37. Moreover, vinyl derivative 28b serves as an intermediate for the synthesis of carbanucleosides 36 and 37 Scheme 4 (Scheme 5) as it can be easily transformed by ozonolysis and subsequent reduction of the obtained aldehyde into 31, the methanol analogue of ethanol 29. Thus, after deprotection of the carbonyl group, BaeyerÀVilliger oxidation of the norcampher derivative 32 afforded hydroxy lactone 33, which was transformed by methanolysis into the hydroxy cyclopentaneacetate 34a. Following the usual procedure, the primaryalcohol group of 34a was selectively protected as (tert-butyl)diphenylsilyl ether 34b and, after transformation of the secondary-alcohol group into the corresponding mesylate ( 3 35), the latter was reacted either with adenine or with thymine to yield the corresponding carbanucleosides 36 and 37, respectively. The same compounds (bearing different protecting groups for the primary-alcohol and carboxylic acid functions) had been obtained earlier, as racemates, by a different route [12] .
Stereospecific Synthesis of Carbanucleosides 45 and 46. The unsatisfactory regioselectivity observed in our attempts to cleave the cyclopropane ring of 11 and 25b by catalytic hydrogenation and radical-induced deoxygenation, respectively, prompted us to postpone the ring opening to the next step of the originally intended reaction sequence, namely the BaeyerÀVilliger oxidation of the carbonyl group of 11 (Scheme 6). However, when lactone syn-38 was hydrogenated on Pd/C, only a low yield (25%) of the undesired ring-opened isomer 39 was obtained, probably due to the competitive reduction of the lactone moiety under these reaction conditions. Scheme 5 According to a study of the regioselectivity of reductive cleavage of the cyclopropane ring by Musso and co-workers [25] [26], electron-withdrawing substituents weaken the CÀC bond adjacent to the substituted C-atom, thus facilitating its hydrogenolytic cleavage. Thus, it appeared advantageous to modify the proposed Scheme 6 2 )
synthetic pathway including ketones syn-and anti-41 as intermediates (Scheme 6). Both bicyclo[3.1.0]hexanones were readily accessible by oxidation of the corresponding secondary alcohols syn-and anti-40, respectively. The latter were obtained on methanolysis of the lactone moiety of syn-and anti-38, which took place under transesterification of the carboxylate group at the cyclopropane ring. As expected, hydrogenolytic cleavage of the cyclopropane ring of both syn-and anti-41 occurred at the s-bond adjacent to the carbonyl group yielding the C 2 -symmetric cyclopentanone derivative 42 regioselectively. Racemic 42 (as the diethyl ester) has previously been prepared in four steps starting with cyclopent-2-enone (cf. [27] [28]). Borohydride reduction of 42 afforded the desired secondary alcohol 43 as a single isomer. It must be pointed out that this outcome of the synthesis of 43 confirms unequivocally the relative trans-configuration at the C(1) and C(2) atoms, since a cis-isomer resulting from an endo-cyclopropanonorbornanone derivative would afford two diastereomeric cyclopentanol derivatives with opposite configuration at the pseudoasymmetric C(4) atom. A manifest advantage of the above synthetic strategy is the C 2 symmetry of intermediate 42, which prevents the formation of stereoisomers on replacement of the carbonyl group by a tetragonal C-atom. Moreover, the same strategy offers a simple possibility to differentiate between the two acetic acid chains at C(1) and C(2), since lactonization of 43 yields a single product, 13a, which, on transesterification with benzylic alcohol and subsequent hydrogenolysis of the benzyl ester group, affords the monocarboxylic acid 13c (Scheme 6). Diborane reduction of the carboxylic acid group of 13c took place chemoselectively, thus yielding the primary alcohol 14, which was finally transformed into 15a by methanolysis of the lactone ring. After protecting the primary alcohol function of 15a, the resulting silyl ether 15b was transformed with methanesulfonyl chloride to the mesylate 44, which was subjected to nucleophilic substitution with either adenine or thymine to yield the carbanucleosides 45 and 46, respectively.
Conclusions. ± In summary, the present work describes a straightforward stereospecific synthesis of the four carbanucleosides 36, 37, 45, and 46 from optical active norbornen-2-one 1 as a readily accessible starting material. As in each carbanucleoside the two functional groups (OH and COOH) can be deprotected selectively, the monomeric building blocks are suitable for the direct synthesis of polyester analogs of nucleotides or, alternatively, for the stepwise synthesis of heteromeric polynucleotide analogs. (7)); 2.00 (dd, J 17.06, 4.54, 1 HÀC (7) (8)). (4) Benzyl (1R,5R,6R)-2-Oxa-3-oxobicyclo[3.2.1]octane-6-acetate (13b). A soln. of benzyl alcohol (11 mg, 0.10 mmol) in dry THF (3 ml) was cooled to 08 before 1.6m BuLi in hexane (65 ml) was added. After 10 min stirring, the mixture was added dropwise to a stirred soln. of 13a (20 mg, 0.10 mmol) in dry THF (5 ml) at 08. Stirring was continued for 2 h at 08 before the mixture was poured into H 2 O (50 ml) and extracted with CH 2 Cl 2 . The combined org. phase was dried (Na 2 SO 4 ) and evaporated and the residue purified by prep. TLC (AcOEt/ hexane 1 : 1): 7.5 mg (27%) of 13b. (4) . a) A soln. of 13c (3 mg, 0.016 mmol) in dry THF (2 ml) was cooled to 08 before 1m BH 3 in THF (70 ml) was added. The mixture was stirred for 7 h at 08, then diluted with H 2 O (1 ml) and shaken with CH 2 Cl 2 (10 ml). The org. layer was dried (Na 2 SO 4 ) and evaporated, and the residue purified by prep. TLC (AcOEt/hexane/EtOH 10 : 10 : 1): 1.3 mg (47%) of 14). Colorless oil.
b) A mixture of 30, (5.18 g, 33.6 mmol), NaHCO 3 (5.65 g, 67.2 mmol), and ca. 55% MCPBA (21.14 g, 67.2 mmol) in CH 2 Cl 2 (460 ml) was stirred at r.t. until the starting material had completely disappeared (ca. 2 h, TLC monitoring). The mixture was then filtered, the solid washed with CH 2 Cl 2 , and the combined filtrate shaken several times with small volumes of cold 10% aq. Na 2 SO 3 soln. until the starch/I 2 test of the org. layer was negative. Then the combined aq. phase was extracted with CH 2 Cl 2 (6 Â 100 ml), the combined org. soln. dried (Na 2 SO 4 ) and evaporated, and the residue purified by CC (AcOEt/CH 2 43 .00 (C(5')); 42.79 (C(7')); 35.14 (C(1')); 27.42 (C(8')); 25 .75 (C(2')); 20.69 (C(4')); 18 .80 (C(3')); 14 -25b) . To a soln. of syn-25a (42.00 g, 0.214 mol) and DBN (53.16 g, 0.43 mol) in dry MeCN (150 ml), CS 2 (40 ml) was added, and the mixture was stirred for 2 h at r.t. Thereafter, MeI (78 ml) was added, and stirring was continued for a further 3 h at r.t. before the excess reactants and most of the solvent were evaporated to yield an oily residue, which was poured into H 2 O (200 ml) and extracted with AcOEt (4 Â 150 ml). The combined org. extract was washed with brine (100 ml), dried (Na 2 SO 4 ), and evaporated and the residue purified by CC (AcOEt/petroleum ether 1 : 8): 58.84 g (96%) of syn-25b (R f 0.5). Yellow oil. (4) -syn-26b) . To a soln. of rac-syn-26a (883 mg, 5.80 mmol) and DBN (1.44 g, 11.6 mmol) in dry MeCN (20 ml), CS 2 (3 ml) was added, and the mixture was stirred for 1 h at r.t. After addition of MeI (7 ml), stirring was continued for a further 90 min at r.t. The solvent was evaporated, the residue diluted with H 2 O (25 ml) and extracted with AcOEt (4 Â 25 ml), the combined org. extract washed with brine (25 ml), dried (Na 2 SO 4 ), and evaporated, and the residue purified by CC (AcOEt/petroleum ether 1 : 8): rac-syn-26b (1.27 mg, 90%) (7)); 1.62 ± 1.14 (m, HÀC(2), HÀC(3), HÀC(4), 2 HÀC (8)). (7)); 1.68 ± 1.61 (m, 1 HÀC(6), 1 HÀC (7)). NOE: 2.11 (4.12, 2.51), 1.90 (1.53, 2.51), 2.38 (6.44, 1.81). (
]dioxolane] (28b). As described for rac-27a/b, with syn-or anti-25b (64.61 g, 0.226 mol), dry toluene (1.5 l), Bu 3 SnH (120 ml, 0.452 mol), and AIBN (1.86 g, 11.3 mmol) (8 h at 1208): 39.11 g (96%) 28a/28b 1 : 3.2, which were separated as described above. Further purification was achieved by CC (Merck silica gel 60 (0.015 ± 0.040 mm), AcOEt/hexane 1 : 32). 17.68, 1.46), 2.70 (1.54, 1.36), 2.29 (4.64, 1.36), 1.60 (19.53, 1.36) . 13 (29) . To a soln. of 28b (9.55 g, 53 mmol) in dry THF (100 ml), 0.5m 9-BBN ¥ THF complex soln. (233 ml, ca. 116.6 mmol) was added dropwise at 08 under N 2 . After the addition was complete (3 h), the mixture was stirred for 5 h at r.t. and then cooled to 98 before 3m aq. NaOH (180 ml) was added. The thus obtained trialkylborane was oxidized by slow dropwise addition of 30% H 2 O 2 soln. (180 ml) at 08. After stirring overnight at r.t., the mixture was extracted with AcOEt (4 Â 200 ml), the combined extract washed with sat. (7), HÀC(7')); 1.66 (dm, J 8.55, 2 H, HÀC(7), HÀC(7')); 1.65 (dd, J 12.30, 3.71, 2 H, HÀC(6), HÀC(6')); 1.12 (dd, J 12.30, 2.66, 2 H, HÀC(6), HÀC(6')). (31) . Ozone was bubbled into a soln. of 28b (9.91 g, 55 mmol) in CH 2 Cl 2 /MeOH 2 : 1 (300 ml) at À 788 until a blue color persisted. Thereafter, the mixture was purged of ozone with N 2 until the soln. became colorless, and NaBH 4 (5.20 g, 137.5 mmol) was added. The mixture was allowed to warm to r.t. and then stirred for 2 h before most of the solvent was evaporated. Then, H 2 O (100 ml) was added, the aq. layer extracted with AcOEt (5 Â 100 ml), the combined extract washed with brine (2 Â 50 ml), dried (Na 2 SO 4 ), and evaporated, and the residue purified by CC (AcOEt/ CH 2 
